Abstract: Eighty-seven isolates of Colletotrichum graminicola, mostly from Agrostis palustris, were collected in grass fields, most of which were in Ontario, Canada. Specific primers were designed to amplify the mating-type (MAT) genes and, among 35 isolates tested, all yielded a band of the expected size for MAT2. For six isolates, the MAT2 PCR products were sequenced and found to be similar to that reported for MAT2 of C. graminicola from maize. Based on 119 polymorphic bands from 10 random amplified polymorphic DNA primers, analyses of genetic distances were found to generally cluster isolates by host and geographic origin. Among 42 isolates from a grass field in Ontario, significant spatial autocorrelation was found to occur within a 20-m distance, implying that this is the effective propagule dispersal distance. Although clonal propagation was observed in the 87 isolates with 67 unique genotypes, the extent of genetic variation in local populations implies some occurrence of sexual or asexual recombination.
Introduction
Anthracnose of turfgrasses is caused by the fungus Colletotrichum graminicola (teleomorph: Glomerella graminicola). Colletotrichum graminicola was originally described as a pathogen of a wide range of cereals and grasses, but some host specificity appears to exist (Mordue 1967; Bolton and Cordukes 1981) . Sutton (1980) described Colletotrichum isolates from maize (Zea mays) and sorghum (Sorghum spp.) as two separate species, and designated the isolates from maize C. graminicola and the isolates from sorghum C. sublineolum. Vaillancourt and Hanau (1992) also concluded that C. graminicola isolates from maize were a separate species from those from sorghum, since they differed morphologically, were not interfertile, and could be distinguished by molecular markers. For C. graminicola isolates from turfgrasses, Backman et al. (1999) used random amplified polymorphic DNA (RAPD) analysis to group isolates from Poa annua with an isolate from sorghum, and to group isolates from Agrostis palustris with those from maize. However, Browning et al. (1999) found that RAPD analysis grouped the isolates from turfgrasses separately from those from maize and sorghum. Sequence comparisons of the internal transcribed spacer (ITS) region of the ribosomal DNA of C. graminicola from A. palustris and Poa spp. showed that isolates from turfgrasses were more similar to each other as well as to Colletotrichum spp., such as C. coccodes and C. dematium, than they were to C. sublineolum or C. graminicola isolates from non-turfgrass hosts (Hsiang and Goodwin 2001) . Thus, it appears that C. graminicola from turfgrasses may be different from C. graminicola from other host species.
Conventionally, C. graminicola infecting turfgrasses is thought to spread via asexual propagules, that is, conidia or hyphae from infected tissues (Smith et al. 1989) . The role of ascospores in pathogen spread is uncertain, since perithecia have not been observed on infected turfgrass in the field (Smith et al. 1989) . In many fungi, sexual reproduction is controlled by mating-type (MAT) genes, and the mating systems of most ascomycetes are generally dimictic, with one mating locus and two alternate idiomorphs called MAT1-1 and MAT1-2 (Coppin et al. 1997; Turgeon 1998) . Herein, the terms MAT1 and MAT2, previously used by Vaillancourt et al. (2000) to designate mating-type genes in C. graminicola, will be employed. Vaillancourt et al. (2000) found that only mating-type gene MAT2 was detectable in two self-sterile, but cross-fertile, isolates of C. graminicola from maize and that the MAT2 nucleotide sequences therein were identical. Since it appears that isolates from turfgrasses may belong to a different Colletotrichum species or subspecies from isolates from maize or sorghum (Hsiang and Goodwin 2001) , the sequence and frequency of mating-type genes in isolates from turfgrasses may differ from those reported in isolates from maize. In addition, the frequency of mating-type genes can be used to gauge whether or not a population is sexually reproducing, since MAT genes are known to function only in sexual reproduction (Turgeon 1998) .
Very limited work has been done on the fine-scale population structure of C. graminicola isolates from turfgrasses. ITS-sequence differences between and among isolates from Poa spp. and A. palustris were observed but were not strongly supported statistically (Hsiang and Goodwin 2001) . RAPD analysis of 17 isolates from A. palustris and 11 isolates from P. annua revealed a few clonal genotypes, but most were unique (Browning et al. 1999) . Similarly, RAPD analysis of 21 isolates from P. annua and 15 isolates from A. palustris showed that all isolates were distinct (Backman et al. 1999 ). However, isolates in these studies were mostly obtained from a broad area across the northeastern U.S.A. or southern Canada, and did not concentrate on any single local population.
By investigating the local population structure of an organism, insights can be gained into whether the reproductive strategy is sexual or asexual, based on the frequency of mating-type genes, and the extent of linkage disequilibrium, the effective distance of propagule dispersal, and the potential sources of genetic diversity. Population structure is defined herein as the distribution and relatedness of genotypes in populations, and population is defined herein as "a group of organisms of the same species occupying a particular space at a particular time" (Krebs 1985) , rather than necessarily implying a local interbreeding unit. Linkage disequilibrium is defined herein as nonrandom associations between alleles at different loci whether or not they arise from linkage (Weir 1996) .
The purpose of this study was to examine the extent of genetic variation in C. graminicola from A. palustris, using analyses of RAPD data and mating-type genes. This study was designed to address the following questions. Can MAT1 and MAT2 mating-type genes be detected in isolates of C. graminicola from A. palustris and Poa spp.? Is there evidence for recombination in C. graminicola isolates from A. palustris, based on frequency of mating-type genes and disequilibrium between loci? What is the effective propagule dispersal distance of C. graminicola from A. palustris, as inferred from spatial autocorrelation?
Materials and methods

Sample collection
Samples of A. palustris with anthracnose basal rot symptoms were collected from a putting green in Toronto, Ontario, and from a fairway near Orangeville, Ontario, in July 2000. Random samples were taken from diseased patches on the putting green, while a systematic sampling pattern with five transects 5 m apart and sample points approximately 3 m apart on each transect were used for sampling on the fairway. The location of samples was recorded for the isolates from the fairway. Tissue from samples was surfacesterilized for up to 5 min in 0.5% hypochlorite and plated onto potato dextrose agar (PDA; Difco, Detroit, Mich., U.S.A.) amended with 100 mg streptomycin sulfate/L. After a 1 week incubation period at 20°C, fungal colonies resembling those of C. graminicola, with compact, felty, and woolly growth (Mordue 1967) , were examined for the presence of typical C. graminicola spores, ranging from falcate (crescent shaped with pointed ends; Mordue 1967) to allantoid (slightly curved with rounded ends; Browning et al. 1999) . Colonies suspected of being C. graminicola were later confirmed as C. graminicola based on descriptions by Sutton (1980) . Attempts were made to purify each isolate by a series of at least four subcultures from hyphal tips taken from the margins of active cultures on PDA. These isolates were deposited in the University of Guelph Fungal Culture Collection. In addition to the samples from the two sites detailed above, a smaller number of isolates from A. palustris or Poa spp. was gathered from other areas in Ontario (Guelph, Burlington, Tecumseh, Erin, and Sarnia), Alberta, British Columbia (courtesy of J. Elmhirst, B.C. Ministry of Agriculture, Fisheries and Food), and Pennsylvania (courtesy of P. Landschoot, The Pennsylvania State University). Isolates were cultured on PDA that was overlaid with a cellophane membrane sheet (Flexel Inc., Atlanta, Ga., U.S.A.) for 2 weeks at 20°C. Mycelia were harvested and DNA was extracted following Edwards et al. (1991) .
Mating-type genes
The primers CgHMG1 (5′-ATTCTCTACCGCAAGGATC) and CgHMG2 (5′-CAGTTTGTTATGGCGCTC) were designed on the basis of the MAT2 sequences of C. graminicola (GenBank accessions AF204960 and AF204961) and were used to amplify a portion of the conserved high mobility group (HMG) of MAT2 from 32 isolates of C. graminicola from A. palustris and three isolates from Poa spp. The polymerase chain reaction (PCR) contained 1× PCR buffer (50 mM KCl, 10 mM Tris-HCl (pH 9.0), 0.1% Triton X-100), 200 μM of each dNTP, 2.5 mM MgCl 2 , 0.2 μM of each primer, 0.5 U of Tsg polymerase (Bio Basic Inc., Scarborough, Ont., Canada), and 1 ng of genomic DNA. DNA amplification was performed in a Hybaid PCR Express (Hybaid, Markham, Ont., Canada), with one cycle of 95°C for 2 min; followed by 35 cycles of 95°C for 1 min, 58°C for 1 min, and 72°C for 1 min; and a final cycle at 72°C for 10 min.
The PCR products from six isolates were chosen for sequencing: 00124 (location Toronto, Ont.; host A. palustris; GenBank accession No. AF419096), 00167 (Orangeville, Ont.; A. palustris; AF419092), 99003 (Pennsylvania; A. palustris; AF419095), 99323 (Alberta; Poa pratensis; AF419094), 99381 (Sarnia, Ont.; P. annua; AF419093), and 99409 (British Columbia; P. annua; AF419091). The DNA was separated by electrophoresis in 1.2% agarose gels in modified TAE buffer (40 mM Tris-acetate, pH 7.5, 0.1 mM Na 2 EDTA). A 220-bp band from each isolate was extracted and purified, using the Ultrafree-DA kit (Millipore, Etobicoke, Ont., Canada), and sequenced on an Applied Biosystems 377A automated DNA sequencer (Perkin Elmer, Mississauga, Ont., Canada), using the CgHMG1 primer. The sequences were aligned with the ClustalX 1.81 program (Thompson et al. 1997) .
Attempts to amplify MAT1 in C. graminicola were made using the primers Falpha1 (5′-CAGGAAGATACTCRTGACCG) and Falpha2 (5′-GATGTAGATGGAGGGTTCAA). These primers were designed by Arie et al. (2000) to amplify MAT1 from Fusarium oxysporum and were also used by Steenkamp et al. (2000) to amplify MAT1 from Gibberella fujikuroi. The PCR mix was the same as that for MAT2, except that the primers were used at 2 μM. In addition to the PCR amplification conditions listed for MAT2, different annealing temperatures (50, 52, 55, 58, 60 , and 65°C) were tested for the MAT1 primers.
RAPD-PCR
To assess genotypic diversity and estimate genetic distances in C. graminicola collections, RAPD fragments were generated using RAPD primers. Genomic DNA of four isolates from A. palustris and Poa spp. originating from locations across North America were screened with 73 primers (from sets Nos. 3 and 8 from the Biotechnology Laboratory, The University of British Columbia, Vancouver, B.C., Canada), from which the following 10 primers were selected on the basis of strong and reproducible polymorphic banding patterns: P253 (5′-CCGTGCAGTA), P256 (5′-TGCAGT-CGAA), P257 (5′-CGTCACCGTT), P260 (5′-TCTCAG-CTAC), P261 (5′-CTGGCGTGAC), P278 (5′-GGTTCC AGCT), P722 (5′-CCTCTCCCTC), P723 (5′-CCCTCT CCTC), P731 (5′-CCCACACCAC), and P756 (5′-CCCTCC TCCT).
The PCR mix was the same as that described for MAT2, except that the RAPD primers were used at 0.4 μM, with 1 U of Tsg DNA polymerase in each reaction. DNA amplification was performed in a Hybaid PCR Express, with one cycle at 94°C for 5 min; followed by 45 cycles at 94°C for 1 min, 37°C for 1 min, and 72°C for 2 min; and a final cycle at 72°C for 10 min. DNA amplification products were separated in 1.4% TBE (90 mM Tris-borate, pH 8.3, 2 mM Na 2 EDTA) agarose gels and viewed under UV light after staining with ethidium bromide. Bands included in the final analyses ranged in size from 0.2 to 2.5 kb. RAPD bands were scored for presence or absence, and only fragments that were reproducible in at least two reactions were included in the analyses. Positional homology of amplified fragments was assumed, and only polymorphic bands were considered in the final analyses.
Genetic distances
Similarity coefficients (S) between isolates were calculated using the formula S = 2N xy /(N x + N y ), where N x and N y are the number of fragments amplified in isolates X and Y, respectively, and N xy is the number of bands shared by the two isolates (Nei and Li 1979) . Similarity coefficients were converted to genetic distance using the equation D = 1 -S, referred to here as Nei and Li genetic distance. A matrix of genetic distances between isolates was used to construct a dendrogram with the unweighted pair group method with arithmetic averaging (UPGMA) in the Neighbor algorithm of the Phylogeny Inference Package (PHYLIP ; Felsenstein 1989) . The RAPD data were subjected to bootstrap analysis with 1000 replications using the program WINBOOT, and selecting the Dice similarity coefficient (Yap and Nelson 1996) , which is the same as the similarity coefficient of Nei and Li (1979) .
Genotypic diversity
Genotypic diversity (G) was estimated using G = 1/Σ p i 2 , where p i is the frequency of genotype i (Stoddart and Taylor 1988) . The maximum possible value for G is n, the number of samples, which occurs when each genotype in a sample is different, and the minimum is 1, when there is only one genotype. Genotypic diversity was normalized (G′) by dividing by the number of samples (Chen et al. 1994) , so the value could be compared between studies.
Gene diversity
As C. graminicola exists as a haploid in nearly all its life cycle, the difficulties in analysing gene-diversity in diploid or dikaryotic organisms due to the dominance of RAPD markers are avoided. With the assumption that RAPD-band positions were loci with positive (band present) and negative (band absent, alternate null allele) alleles, gene diversity (Nei 1973) was calculated as H S = 1 -Σ x ij 2 , where x ij is the frequency of the ith allele in population j. Total gene diversity per locus was calculated as H T = 1 -Σ x i 2 , where x i is the frequency of the ith allele averaged over the different populations. Theoretically, both H S and H T can range from 0, when an allele is fixed, to near 1, when the many alleles of a locus occur at very low frequency. For putative RAPD alleles from haplotypic data scored as present or absent, the maximum gene diversity per locus is 0.5. The gene differentiation statistic was calculated as G ST = (H T -$ H S )/H T , where $ H S is the average gene diversity for a locus calculated by averaging H S over populations, that is, $ H S = Σ H S /k, where k is the number of populations. G ST has a theoretical minimum of 0, indicating no genetic differences between populations, and a theoretical maximum of 1, indicating fixation of different alleles in different populations (Nei 1973) . These measures of genetic diversity were calculated using the software program POPGENE ver. 1.31 (Yeh and Boyle 1997) .
Linkage disequilibrium
Linkage disequilibrium was evaluated by two methods. The first was a conventional calculation of linkage disequilibrium using Weir's (1979) two-locus test, as implemented in the software program POPGENE ver. 1.31 (Yeh and Boyle 1997) . This program can calculate the percentage of pairwise locus comparisons that differ significantly in a χ 2 test (P = 0.05) from that expected under a random-mating system. The second method used the index of association (Maynard Smith et al. 1993 ) that compares the observed variance in the number of mismatches between isolates (V obs ) with the expected variance (V exp ) of mismatches, based on allelic frequencies for a randomly recombining system in equilibrium. The index of association (I a ) is calculated as (V obs /V exp ) -1. In a randomly mating system, the observed variance in mismatches should not significantly ex-ceed that of a calculated variance based solely on allele frequencies; in other words, if I a differs significantly from 0, then the system shows disequilibrium. To assess the variation in I a , bootstrap methods were used to generate data sets with the same number of isolates and allele frequencies for each locus, but with random assignments of alleles to isolates without the assumption of linkage (Feil et al. 1996) . Formulas and details can be found in Feil et al. (1996) and Maynard Smith et al. (1993) .
Spatial autocorrelation
To assess spatial autocorrelation, a distogram was constructed using the program SGS (Spatial Genetic Software ver. 1.0c; Degen 2000). The distogram is analogous to variograms and correlograms used in geostatistics (Vendramin et al. 1999) . These graphs use classes of spatial distance on the xaxis (e.g., 0-10 m, 10-20 m, 20-30 m, etc.) and depict a relationship between a characteristic or characteristics of the sample points within each spatial-distance class over the range of spatial distances. Such graphs can be used to pinpoint where aggregations of similar characters appear and the effective patch size of these groups. For example, in distograms plotting genetic distance (y-axis) against spatialdistance classes (x-axis), the distance class at which the line for observed values first intersects the mean overall genetic distance can be interpreted as the patch size of locally inbred demes, which can also be interpreted as the effective propagule dispersal distance. The distance classes are chosen so that there are at least 30 observations within each class, which then allows for permutation tests that can provide confidence intervals for the relationship. Details on the permutation procedure using Monte Carlo simulations can be found in the SGS manual (Degen 2000) . In SGS, the genetic distance metric is Tanimoto's genetic distance (Degen 2000) , which is calculated as 1 -(N xy /(N x + N y + N xy )), where N x and N y are the number of fragments amplified in isolates X and Y, respectively, and N xy is the number of bands shared by the two isolates. This measure is very similar to the Nei and Li (1979) genetic distance.
Results
Fungal isolates
Colonies of C. graminicola were initially light green and then turned greyish white within the first week of growth on PDA. On the underside, older colonies could be pale or dark. A total of 87 isolates were collected: 19 isolates from an A. palustris putting green in Toronto, 42 from an A. palustris fairway in Orangeville, 7 from turfgrasses in Guelph, and 19 from turfgrasses in other parts of Ontario, Alberta, British Columbia, and Pennsylvania. Of the last 26 isolates, 8 were from Poa spp., while the others were from A. palustris.
Mating-type genes
The MAT2 primers were tested on 31 isolates from A. palustris from Ontario (3 from Toronto, 23 from Orangeville, 3 from Guelph, 1 from Tecumseh, and 1 from Burlington) and one isolate from A. palustris from Pennsylvania. Among three other isolates tested, two were from P. annua from Sarnia, Ont., and British Columbia, and one was from P. pratensis from Alberta. All 35 isolates produced a band of the expected size, 220 bp (Fig. 1) , implying that MAT2 was present. To confirm that the bands were MAT2, the PCR products from six geographically diverse isolates were sequenced and found to be similar to that reported for the MAT2 sequence of C. graminicola from maize (GenBank accession AF204960; Fig. 2 ). The splice sites and an intron were also located at identical positions (Fig. 2) . The nucleotide sequences of six isolates from turfgrasses showed 95-100% identity (total matching sites over total number of sites; Table 1 ). Comparisons of these nucleotide sequences with the reported MAT2 sequence of C. graminicola from maize showed 90-92% identity (Table 1). Of the 24 polymorphic sites in the nucleotide sequences from the C. graminicola isolates, 14 differed between MAT2 of the isolate from maize and that of any isolate from turfgrasses. By comparison, an examination of the MAT2 sequence of a Colletotrichum gloeosporioides isolate from avocado (L. Vaillancourt, University of Kentucky, personal communication) showed only 51-52% nucleotide identity with the MAT2 sequence of C. graminicola isolates from turfgrasses (data not shown). Although there were some differences in nucleotide sequence between isolates from turfgrasses, the predicted amino acid sequences were identical and had 95.7% sequence identity (i.e., differing in only two predicted amino acids) with MAT2 of C. graminicola from maize (Fig. 2) . In contrast, alignment of MAT2 protein sequences of other fungi with C. graminicola (Fig. 2, bottom) showed between 31 and 45% identity with C. graminicola from turfgrasses.
We also attempted to amplify MAT1 using the primers Falpha1 and Falpha2 (Arie et al. 2000) under various PCR amplification conditions, but only very faint bands ranging in size from 200 to 400 bp were found. This was within the range of expected sizes, since MAT1 bands of 370 and 190 bp have been found for F. oxysporum and G. fujikuroi, respectively, but because the amplified bands were very faint and some PCR products were composed of multiple bands, we were unable to sequence these PCR products. Comparison of GenBank MAT1 sequences in F. oxysporum, G. fujikuroi, Neurospora crassa, and Podospora anserina revealed no suitable conserved regions to design alternative degenerate primers for amplification of MAT1 in C. graminicola.
Genetic distance
Of the 216 bands generated by 10 RAPD primers from 87 isolates of C. graminicola, 119 polymorphic bands were used for analysis. UPGMA analysis of genetic distances between isolates (Fig. 3) showed that isolates generally clustered by host and geographic origin. Nearly all the isolates from the Orangeville fairway population grouped together with high bootstrap support (92%). Similarly, nearly all isolates from the Toronto putting green population grouped together with very high bootstrap support (100%). Although the Toronto isolates were from A. palustris, they clustered with P. annua isolates from across Canada, but with low bootstrap support (21%). Two other P. annua isolates were outgroups to all other isolates. Surprisingly, the Alberta P. pratensis isolate was closest to the Pennsylvania A. palustris isolate, but with moderate bootstrap support (Fig. 3) .
Genetic diversity
Among the 19 isolates from the Toronto population, there were only 11 genotypes, giving a normalized genotypic diversity (G′) of 0.21 (Table 2) . For the Orangeville population, there were 42 isolates and 40 genotypes, giving a much higher normalized genotypic diversity of 0.88 (Table 2) . RAPD-marker frequencies differed between the two populations and there was a slightly greater number of polymorphic markers among Orangeville isolates than among Toronto isolates (Table 2) . Gene diversity was similar (and not significantly different at P = 0.05) for the Toronto (H S = 0.15) and Orangeville (H S = 0.17) populations. However, the two populations were highly differentiated using the gene differentiation statistic (G ST ), at 0.50, even though they were less than 50 km apart.
Linkage disequilibrium
Significant linkage disequilibrium between putative RAPD loci was found for both the Orangeville and Toronto populations based on either isolates or genotypes ( Table 2) . As expected, calculations using all isolates showed higher proportions of linked loci than calculations based on unique genotypes (Table 2) , because of the clonality observed. However, even with the clones removed from the analysis, disequilibrium between loci was still statistically significant, at greater than 10% in both groups, possibly indicating constraints on random gene flow within populations.
Spatial autocorrelation
Although the isolates from the Orangeville population were collected on a grid pattern with 80 grass sampling points, only 42 isolates (one per sample point) were obtained (Fig. 4) . Based on a 6 m distance class, the distogram plotting genetic distance against spatial-distance class (Fig. 5) for isolates of C. graminicola in the A. palustris fairway near Orangeville showed significant spatial autocorrelation within a 20-m distance. This value is seen in the graph where the line connecting observed values first crosses the mean genetic distance value (0.45), and this intercept was interpreted as both the genetic patch size and the distance of effective propagule dispersal. At spatial distances greater than this, the genetic distances between isolates remained within the 95% confidence limits (Fig. 5) . The larger spread between confidence limits at the largest distance classes occurred because of the smaller number of pairwise genetic distance values available, as well as variation in the observations.
Discussion
The development of primers from highly conserved regions of fungal mating type genes has made it possible to obtain sequences of these genes from a number of ascomycetous fungi (Arie et al. 1997) , including some thought to be asexual (Sharon et al. 1996; Arie et al. 2000) . With this approach, MAT2, but not MAT1, was amplified in this study from a collection of C. graminicola isolates from turfgrasses. Vaillancourt et al. (2000) also reported that MAT2, but not MAT1, could be amplified in C. graminicola from maize. Vaillancourt et al. (2000) speculated that MAT1 could not be amplified because it does not contain a conserved alpha box region that is similar to that of other ascomycetes. However, they also speculated that C. graminicola may only have a MAT2 gene.
Absence of one mating-type gene in certain species of fungi has been reported (Glass et al. 1990; Christiansen et al. 1998) . For example, Cochliobolus victoriae contains only MAT2, and all isolates of this fungus are either female sterile or completely infertile (Christiansen et al. 1998) . Crosses between these isolates and those of Cochliobolus carbonum containing MAT1 were successful, showing that the MAT2 gene was functional. Christiansen et al. (1998) proposed that the MAT1 gene never existed in C. victoriae and that the species originated from a single progenitor strain.
Perithecia of C. graminicola isolates from maize have been found in cultures grown on sterilized maize leaves (Politis 1975) . These teleomorph-producing isolates were apparently homothallic, since monoconidial strains gave rise to perithecia (Politis 1975) . However, Vaillancourt and Hanau (1992) found that isolates of C. graminicola from maize or sorghum were self-sterile but cross-fertile within the same host species. The mating system of C. graminicola isolates from maize or sorghum appears to be complex and may include strains exhibiting homothallism (Bryson et al. 1992) , heterothallism, or unbalanced heterothallism (Vaillancourt et al. 2000) .
Isolates of C. graminicola from A. palustris or P. annua do not appear to be homothallic, since perithecia have not been observed in the field and mature ascocarps were not observed in cultures when isolates were paired using the conditions that resulted in mature-ascocarp production in isolates from maize (Browning et al. 1999) . The finding of MAT2 in all tested isolates from A. palustris implies that the genetic system of C. graminicola from A. palustris could be similar to that of C. victoriae, which could explain the absence of a teleomorphic state. However, further research is needed to confirm this.
The differences in MAT2 sequences between the isolates from maize and those from turfgrasses were greater than the differences among the isolates from turfgrasses at both nucleotide and amino acid levels. This corresponds with the differences between isolates from turfgrasses and those from maize previously observed with RAPD analysis and ITSsequence comparisons (Browning et al. 1999; Hsiang and Goodwin 2001) . However, these sequences were still much more similar to each other than they were to the same regions of the MAT2 gene of another species of Colletotrichum, C. gloeosporioides, or to these regions in some other ascomycetes. The HMG MAT2 sequences are known to be rapidly evolving, with low levels of variation found within species and high levels between species (Turgeon 1998) .
Evidence for asexual propagation of C. graminicola in turfgrass was found in the populations from Orangeville and Toronto, but particularly for the Toronto site. At this site, the isolates were gathered from a putting green, with adjacent sample points sometimes less than 1 m apart. In contrast, the Orangeville samples were from a fairway, and the closest samples were 3 m apart. The finer scale of sampling may be one reason for the higher level of clonality at the Toronto site. Overall, genetic diversity was similar at the two sites, but the gene differentiation statistic showed that the sites were highly differentiated. The two sites were less than 50 km apart, and the high level of differentiation implies that there were barriers to random gene flow between the populations. Rosewich et al. (1998) studied the genetic structure and temporal dynamics of a C. graminicola population from a sorghum nursery in Georgia, U.S.A., and concluded that genetic drift and gene flow were not major contributors to genetic structure, while asexual reproduction had a significant effect. Rosewich et al. (1998) found very low levels of genotypic diversity among the C. graminicola isolates from sorghum, with an overall normalized value of 0.0037. The sorghum nursery site had been established 13 years prior to the first sampling, and the nursery had been repeatedly inoculated with local isolates until 6 years before the first sampling. The repeated inoculation with local isolates may have served to increase the prevalence of certain genotypes, since only nine restriction fragment length polymorphism (RFLP) genotypes were identified out of over 400 isolates. These results differ from those for our two populations of C. graminicola from A. palustris, which showed normalized genotypic diversity values of 0.21 and 0.88. In addition to the artificial inoculations at the sorghum site, other differences between the sorghum and turfgrass sites that may have affected the extent of genotypic diversity include: (i) peren- nial growth of turfgrass with no discontinuity of host tissue, (ii) no tillage or soil cultivation at the turfgrass site as would be expected with field crops, and (iii) the frequent use of fungicides to control anthracnose and other summer diseases at the turfgrass sites.
Although the agronomic practices and the Colletotrichum species likely differed between the sorghum and turfgrass sites, another major difference between our study and that of Rosewich et al. (1998) was the type and number of molecular markers. In the sorghum nursery study, 20 polymorphic RFLP markers were used to distinguish nine genotypes among 411 isolates (Rosewich et al. 1998) , whereas in this study, 119 polymorphic RAPD markers were used to distinguish 67 genotypes among 87 isolates. RAPD markers have been used to reveal evidence of sexual reproduction or recombination among apparently clonal organisms (Gabrielsen and Brochman 1998; Abderrazak et al. 1999; Hsiang and Mahuku 1999) . Further research is required to compare gene Fig. 3 . UPGMA analysis of genetic distances between 87 isolates of Colletotrichum graminicola from North America, together with their origin and host (Agrostis palustris, Poa annua, or Poa pratensis). Genetic distances were based on banding patterns for 119 polymorphic band positions from 10 RAPD primers, and were calculated using the similarity coefficient of Nei and Li (1979) . They can be read from the dendrogram by measuring the distance to the nearest branching point for any two isolates. Isolates sharing a vertical line at the tips (right side) of the dendrogram have the same RAPD banding patterns and are considered to be of the same RAPD genotype. Percentages from 100 bootstrap replications (Yap and Nelson 1996) are shown near major branches. The cities of Guelph, Milton, Orangeville, and Toronto are in Ontario, Canada. diversity calculations derived from different types of molecular markers using the same set of isolates.
Field-population structures will be greatly influenced by the mode of fungal reproduction. In species with high levels of clonality, repeat genotypes will be found with proximities determined by mode and distance of dispersal. Among the C. graminicola isolates in this study, significant spatial autocorrelation was found within 20 m for the 20 × 48 m sampling area. This was interpreted to be the patch size of locally inbred demes, which reflected the effective dispersal distance of propagules. In an intensively managed turfgrass system with frequent mowing and other cultural operations, diseased tissue may be moved by equipment and footwear.
The calculated effective dispersal distance would therefore include both human-mediated transfers as well as natural propagule dispersal.
The population structure of species showing high levels of inbreeding, such as homothallic fungi, may resemble clonal species (Raffle and Hsiang 1998) , because meiotic products from selfed haploids may be identical to mitotic products. Selffertile homothallic isolates, as well as heterothallic isolates, have been observed in C. graminicola from other host species. Among isolates from turfgrasses, there was evidence of clonal reproduction, particularly at finer sampling scales. Even when this clonal component was removed, the populations still showed linkage disequilibrium between RAPD loci, which indicated restrictions in gene flow or possibly mixtures of mi- Table 2 . Genetic diversity and linkage disequilibrium in isolates of Colletotrichum graminicola collected from a putting green in Toronto, Ont., and a fairway in Orangeville, Ont. (Degen 2000) . Genetic distance was calculated using Tanimoto's genetic distance in the program SGS, which differs only slightly from the genetic distance of Nei and Li (1979) . Distance classes are groups of spatial distances within which genetic distances are calculated, and a 6 m distance class was used here. The mean genetic distance between all isolates (0.45), the observed values (dotted line), and the 95% confidence intervals (CI) are shown. grant populations. However, the extent of genetic variation within local populations of C. graminicola from A. palustris can be interpreted as reflecting some sexual or asexual recombination. While recombination serves to decrease the extent of linkage disequilibrium, clonal reproduction, homothallism (same mating-type gene in all isolates tested), different sources of inoculum (migration), and local spatial autocorrelation all serve to increase the level of disequilibrium, and some of these sources could account for the significant disequilibrium observed.
